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Abstract 

Solid  oxide  fuel  cells  (SOFCs)  can  be  composed  of  solid  components  for  stable  operation,  and  high  power  generation  efficiency  is  obtained 
by  using  high  temperature  exhaust  heat  for  fuel  reforming  and  bottoming  power  generation  by  a  gas  turbine.  Recently,  low-temperature  SOFCs, 
which  run  in  the  temperature  range  of  around  600  °C  or  above  and  give  high  power  generation  efficiency,  have  been  developed.  On  the  other 
hand,  a  power  generation  system  with  multi- staged  fuel  cells  has  been  proposed  by  the  United  States  DOE  to  obtain  high  efficiency.  In  our  present 
study,  a  power  generation  system  consisting  of  two-staged  SOFCs  with  serial  connection  of  low  and  high  temperature  SOFCs  was  investigated. 
Overpotential  data  for  the  low-temperature  SOFC  used  in  this  study  are  based  on  recently  published  data,  while  data  for  high-temperature  SOFC 
are  based  on  our  previous  study.  The  numerical  results  show  that  the  power  generation  efficiency  of  the  two-staged  SOFCs  is  50.3%  and  the  total 
efficiency  of  power  generation  with  gas  turbine  is  56.1%  under  standard  operating  conditions.  These  efficiencies  are  a  little  higher  than  those  by 
high-temperature  SOFC  only. 

©  2005  Elsevier  B.Y.  All  rights  reserved. 
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1.  Introduction 

Solid  oxide  fuel  cells  (SOFCs)  are  made  entirely  of  solid 
materials  for  high  reliability.  The  high  temperature  exhaust  heat 
obtained  simultaneously  with  power  generation  is  used  in  fuel 
reforming,  bottoming  power  generation,  and  the  regenerative 
heating  of  fuel  and  air,  as  a  result  of  which  the  total  power  gen¬ 
eration  efficiency  of  the  entire  cycle  is  high.  In  addition  to  the 
conventional  high  temperature  SOFC  that  uses  Y2O3  stabilized 
Zr02  as  the  electrolyte,  a  recent  low  temperature  SOFC  with  a 
lanthanum  gallate  electrolyte  that  can  be  operated  from  about 
600  °C  has  shown  superior  power  generation  characteristics  [1], 
thereby  expanding  the  operating  temperature  range  of  SOFCs. 
Since  the  power  generation  efficiency  of  a  fuel  cell  is  higher  than 
that  of  a  gas  turbine,  which  is  used  as  a  bottoming  power  gener¬ 
ator  in  the  integrated  SOFC-gas  turbine  cycle,  expansion  of  the 
operating  temperature  range  of  SOFC  is  promising  for  increased 
system  power  generation  efficiency.  The  United  States  Depart¬ 
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ment  of  Energy  (DOE),  on  the  other  hand,  has  investigated  ways 
to  achieve  high  power  generation  efficiency  of  80%  and  has  pro¬ 
posed  a  multi-staged  fuel  cell  system  with  five  serial  stages  of 
fuel  cells  in  order  to  reduce  the  regenerative  heat  for  fuel  and  air, 
and  to  extend  the  operating  temperature  range  of  fuel  cells  [2]. 
We  have  conducted  previously  cycle  analyses  of  the  combined 
cycle  of  high  temperature  SOFC  and  gas  turbine,  with  consid¬ 
eration  of  realistic  losses  from  overpotentials  and  other  factors 
[3-4].  In  the  present  study  we  propose  a  planar  SOFC  with  two 
stages  of  low  and  high  temperature  SOFCs  placed  in  series.  We 
also  speculate  how  much  the  combined  cycle  efficiency  of  two- 
staged  SOFCs  and  gas  turbine  can  actually  be  improved  in  the 
several  hundred  kW  class  of  power  generation,  with  investiga¬ 
tion  of  the  available  data  on  overpotentials  and  other  physical 
properties  of  low  temperature  SOFC  [5-8]. 

1.1.  Low  and  high  temperature  SOFCs  of  planar  type 

1.1.1.  Cell  configuration 

Fig.  1  shows  the  configuration  of  a  planar  unit  cell  inves¬ 
tigated  in  this  study.  The  unit  cell  for  both  low  and  high 
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temperature  SOFCs  is  assumed  to  be  a  planar  and  parallel-flow 
type  with  similar  sizes,  as  shown  in  Fig.  1.  The  materials  and 
thickness  of  the  electrodes  and  electrolyte  for  both  low  and  high 
temperature  systems  are  shown  in  Table  1 .  The  interconnector 
for  the  low  temperature  system  is  SUS  (stainless  steel),  and  that 
for  the  high  temperature  system  is  Lai_xSrxCr03.  The  physical 
properties  used  for  the  low  temperature  SOFC  were  obtained  by 
referring  to  SOFC  studies  [5-8]  using  lanthanum  gallate  elec¬ 
trolytes,  and  those  for  high  temperature  SOFC  by  referring  to 
our  previous  reports  [3,4].  Tables  2  and  3  show  the  thermal 
conductivity  and  resistivity  for  each  element  of  low  and  high 
temperature  SOFCs,  respectively.  The  resistivity  at  temperature 
Tq  of  low  and  high  temperature  electrolytes,  /0e _iow  m)  [8]  and 
pQ  high  (£2  m)  [9],  is  described  by  Eqs.  (1)  and  (2),  and  the  physi¬ 
cal  properties  that  have  not  been  published  for  a  low  temperature 
system  were  assumed  to  be  the  same  as  for  high  temperature  sys¬ 
tem. 

pQ  lo  =  0.03997  +  0.58731  exp  f  — - 

H  FV  86.47858 


Pe_high 


=  3.61  X  1CT5 


/ 10092  \ 

exp  \~rT  ) 


(2) 


1.1.2.  Cell  performance  analysis 

Two-dimensional  conservation  equations  for  charge,  mass, 
and  energy  in  both  the  low  and  high  temperature  systems  are 


discretized  together  with  an  equivalent  electric  circuit  of  the 
fuel  cell  along  the  direction  of  gas  flow  and  membrane  thick¬ 
ness.  The  distribution  of  species  concentration,  current  density, 
potential,  and  so  on  within  the  cell  was  analyzed  numerically 
using  the  control  volume  method  [3,4].  We  first  set  operating 
conditions  for  the  calculations,  such  as  cell  size,  mean  current 
density,  and  overall  fuel  and  air  utilization  rates  for  both  the 
low  and  high  temperature  systems.  Then  the  inlet  gas  compo¬ 
sition  was  decided  for  the  low  temperature  SOFC.  Next,  with 
some  mean  electrolyte  temperature  of  the  low  temperature  cell 
as  a  parameter,  calculations  were  started  from  the  low  tem¬ 
perature  SOFC,  and  the  current  and  temperature  distributions 
were  made  to  converge.  The  gas  composition  and  temperature 
obtained  at  the  low  temperature  SOFC  outlet  were  then  taken 
as  the  high  temperature  inlet  condition,  and  calculations  for  the 
high  temperature  SOFC  were  carried  out  the  same  as  for  the 
low  temperature  SOFC.  Therefore  the  mean  temperature  of  high 
temperature  SOFC  was  calculated  from  the  mean  temperature  of 
low  temperature  SOFC  and  the  operation  conditions.  Here,  the 
activation  overpotential  Vact_iow  of  the  low  temperature  SOFC  is 
given  by  Eq.  (3),  assuming  a  constant  overpotential  resistance 
from  published  data  [5-8],  and  Vact_high  of  the  high  temperature 
SOFC  by  Eq.  (4)  from  our  previous  reports  [3-4].  Similar  to 
Fact_high,  Vactjow  should  be  given  by  a  temperature  dependent 
function,  but  the  temperature  dependent  Vact_iow  has  not  been 
published  elsewhere. 

_  2.5  x  10"5 
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Here,  w  is  cell  width,  dris  segmented  length  along  flow  direction, 
F  is  the  Faraday  constant,  R  is  the  gas  constant,  TQ  is  electrolyte 
temperature,  7e  is  current  through  electrolyte,  ze  is  current  den¬ 
sity  through  electrolyte,  and  z'o  is  the  exchange  current  density 
as  a  function  of  oxygen  partial  pressure.  In  our  previous  study 
[3],  fuel  was  reformed  internally  in  the  cell  to  suppress  the  tem¬ 
perature  rise  of  high  temperature  SOFC,  but  in  the  present  study 
methane  fuel  was  reformed  completely  at  an  external  reformer 
and  the  reformed  gas  was  introduced  to  the  low  temperature 
SOFC,  since  the  cycle  configuration  would  become  too  complex 


Table  1 

Compositions  of  electrolyte  and  electrode  for  low  and  high  temperature  SOFC 


SOFC  Type 

Electrolyte  (thickness:  mm) 

Fuel  electrode  (thickness:  mm) 

Air  electrode  (thickness:  mm) 

Interconnector 

Low  temperature 
High  temperature 

Lao.sS m.2 Gay  g M go. ] 5 C  00.05 O3 (200  x  10-3) 
YSZ  (100  x  10“3) 

Ni/Ceo,8Smo.202  (1) 

Ni-YSZ  (70  x  10“3) 

Sm0.5Sro.5Co03  (1) 

LaSrMn03  (70  x  10"3) 

SUS 

Lai_xSrxCr03 

Table  2 

Physical  properties  of  low  temperature  SOFC 

Element  Electrolyte  Fuel  electrode  Air  electrode  Fuel  side  interconnector  Air  side  interconnector 

Thermal  conductivity  (W  m_  1 K- 1 )  2.7  11  2.2  16.3  16.3 

Resistivity  (£2m)  Eq.  (1)  1.0  x  10-5  1.3  x  10-4  7.4  x  10-7  7.4  x  10-7 
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Table  3 


Physical  properties  of  high  temperature  SOFC 


Element 

Electrolyte 

Fuel  electrode 

Air  electrode 

Fuel  side  interconnector 

Air  side  interconnector 

Thermal  conductivity  (W  m“ 1  K- 1 ) 
Resistivity  (£2  m) 

2.7 

Eq.  (2) 

ii 

1.0  X  10“5 

2.2 

1.3  x  10“4 

2.34 

3.2  x  10“3 

2.34 

1.6  x  10“3 

with  internal  reforming.  Further,  our  cycle  analyses  assumed  the 
shift  reaction  to  be  in  thermal  equilibrium,  since  the  reaction  rate 
is  considered  to  be  fast. 

1.2.  Standard  conditions  and  representative  potential, 
current  density,  and  temperature  distributions 

Standard  cycle  operating  conditions  were  mean  temperature 
of  750  °C  for  the  low  temperature  SOFC  (defined  as  mean  tem¬ 
perature  [3]  of  the  cell  electrolyte),  mean  current  density  of 
0.3  A  cm-2,  cell  pressure  of  1.0  MPa,  total  fuel  utilization  rate 
of  85%  (42.5%  in  the  low  temperature  SOFC,  42.5%  in  the 
high  temperature  SOFC  based  on  methane),  total  air  utilization 
rate  of  30%  (15%  in  the  low  temperature  SOFC,  15%  in  the 
high  temperature  SOFC),  fuel  recirculation  rate  of  30%,  and 
air  recirculation  rate  10%.  First,  the  power  generation  perfor¬ 
mances  of  low  and  high  temperature  SOFCs  were  calculated  in 
detail,  and  then  the  overall  performance  of  the  combined  cycle 
was  calculated  the  same  as  in  previous  studies  [3,4].  Each  one 
of  these  parameters  was  then  changed  to  see  its  effect  on  total 
cycle  performance. 

The  potential  distribution  and  temperature  and  current  den¬ 
sity  distributions  for  the  low  temperature  SOFC  under  these 
standard  conditions  are  shown  in  Figs.  2  and  3,  respectively. 
The  potential  distribution  and  temperature  and  current  den¬ 
sity  distributions  for  the  high  temperature  SOFC  are  shown  in 
Figs.  4  and  5.  As  seen  in  the  figures,  since  the  overpotential  was 
lower  in  the  low  temperature  SOFC  than  in  the  high  tempera¬ 
ture  SOFC,  the  cell  voltage  and  power  generation  performance 
of  the  former  were  superior  to  those  of  the  latter.  Moreover, 
since  temperature  changes  in  overpotential  other  than  electrolyte 
resistance  overpotential  were  not  introduced,  the  current  density 
distribution  was  similar  to  the  distribution  of  the  Nernst  poten- 


Fig.  3.  Temperature  and  current  density  distributions  of  low  temperature  SOFC. 


Fig.  4.  Voltage  distribution  of  high  temperature  SOFC. 


Fig.  5.  Temperature  and  current  density  distributions  of  high  temperature  SOFC. 
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Exhaust  303°C 


Fig.  6.  Two-staged  low  and  high  temperature  SOFC  system. 

tial,  and  the  temperature  distribution  was  small  owing  to  the  use 
of  SUS  with  high  thermal  conductivity  in  the  interconnector.  At 
the  high  temperature  SOFC  the  heat  generation  by  overpotential 
in  the  latter  half  of  the  cell  was  great,  and  the  temperature  rise 
was  large,  thus,  activation  overpotential  and  electrolyte  resis¬ 
tance  became  small,  as  a  result  of  which  current  density  in  the 
latter  half  of  the  cell  was  large,  and  the  temperature  distribution 
was  also  larger  than  in  the  low  temperature  SOFC. 

1.3.  Configuration  of  SOFC- gas  turbine  combined  power 
generation  system 

1.3.1.  Configuration  of  cycle 

Fig.  6  shows  a  cycle  diagram  of  the  combined  power  genera¬ 
tion  system  with  a  two-staged  SOFC  of  low  and  high  temperature 
SOFCs  arranged  in  series  as  a  topping  cycle,  and  a  gas  turbine  as 
a  bottoming  cycle.  The  fuel  of  methane  is  100%  reformed  in  the 
external  reformer,  and  supplied  to  the  low  temperature  SOFC. 
The  gas  that  comes  from  the  low  temperature  SOFC  is  then  sup¬ 
plied  directly  to  the  high  temperature  SOFC.  Other  structures 
are  basically  the  same  as  previously  reported  [3].  A  part  of  the 
depleted  fuel  and  air  emitted  from  the  high  temperature  SOFC 

Table  4 

Calculation  equations  and  various  efficiencies  for  cycle  analyses 


Enthalpy  income  and  expenditure 
Gas-turbine  output 

Compressor  and  blower  power 

Heat  loss  to  heat  input  at  SOFC 

Heating  ratio  of  air  and  fuel  at  pre-heater  1 

Heating  ratio  of  air  and  fuel  at  pre-heater  2 

Adiabatic  efficiency  of  gas  turbine 

Adiabatic  efficiency  of  compressor  and  blower 

Inverter  efficiency 

External  reforming  ratio 

Pressure  ratio  of  high  temperature  blower 

Heat  loss  to  exchanging  heat  at  PH  1  and  2 


is  recirculated  by  a  blower  to  make  the  cell  temperature  distribu¬ 
tion  more  uniform  to  alleviate  thermal  stress,  and  to  self- supply 
water  vapor  for  reforming.  The  exhaust  fuel  and  air  that  is  not 
recirculated  is  burned  in  a  combustor,  and  then  the  combustion 
gas  flows  into  an  external  reformer  for  heating.  Next,  the  gas 
flows  into  a  pre-heater  1  to  regeneratively  heat  fresh  fuel  and  air 
for  SOFC,  and  generate  power  in  a  gas  turbine  (GT)  driving  an  air 
compressor  (AC)  and  a  methane  compressor  (MC).  Afterward, 
the  combustion  gas  flows  into  a  pre-heater  2  to  regeneratively 
heat  the  compressed  fuel  and  air. 

1.3.2.  Calculation  conditions  of  cycle 

As  in  a  previous  study,  the  heat  balance  of  individual  com¬ 
ponent  in  the  cycle  analysis  is  obtained  by  the  entropy  balance 
at  inlet  and  outlet  of  each  component,  and  turbine  output  and 
compressor  input  are  estimated  by  using  appropriate  adiabatic 
efficiencies  [3].  After  setting  the  operating  conditions,  the  cycle 
calculation  starts  from  the  low  and  high  temperature  SOFC 
calculations  and  the  calculations  converge.  Then  the  cycle  calcu¬ 
lation  proceeds  to  the  energy  balance  of  the  total  system.  Table  4 
summarizes  the  basic  equations,  various  efficiencies,  and  other 
conditions  used  in  the  cycle  calculations.  Here,  M  is  the  molar 
flow  rate,  Cp  is  the  molar  specific  heat  at  constant  pressure, 
A //(7b)  is  the  entropy  difference  at  standard  temperature,  T-m  is 
input  temperature,  the  suffixes  i,  j  are  for  gas  species  i,  j,  Q  is 
amount  of  exchange  heat,  <fi  is  pressure  ratio,  k  is  specific  heat 
ratio,  ijGi  is  adiabatic  efficiency  for  gas  turbine,  and  77comp,Blow 
is  adiabatic  efficiency  for  compressor  or  blower. 

1.4.  Numerical  results 

Centered  on  standard  conditions,  single  parameters  only  were 
changed  as  follows  to  identify  the  effect  produced  by  each 
parameter  on  cycle  performance.  In  the  following  analyses, 
the  solid  circles  (•)  indicate  the  generation  efficiency  of  the 
high  temperature  SOFC  only  (net  output  from  high  temperature 
SOFC/thermal  input  to  cycle  based  on  HHV),  the  solid  squares 
(■)  indicate  the  generation  efficiency  of  low  temperature  SOFC 
only,  the  solid  triangles  (A)  indicate  the  generation  efficiency 


Y,Mi  (fro"  c”<  dT  +  AH^Tf  ±Q  =  Y,Mj  (/£“  C"j  dT  +  AHj (To)) 

i  _  j 

^Gas  turbine  =  ffiMiCp, TinQ  - 
i 

^Compressor, Blower  —  ^  ^ \N i G pj  7n (0  l)/^Comp,Blow} 

1% 


90% 

10% 

87% 

77% 

95% 

100% 

1.05 


3% 
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Fig.  7.  Change  in  power  generation  efficiency  with  mean  cell  temperature  in 
low  temperature  SOFC. 

added  by  both  low  and  high  temperature  SOFCs,  and  the  solid 
rhombuses  (♦)  indicate  the  combined  generation  efficiency  of 
SOFC  and  GT.  The  main  results  of  cycle  analyses  under  the 
standard  condition  are  shown  in  Fig.  6. 

1.4.1.  Efficiency  changes  with  mean  temperature  of  low 
temperature  SOFC 

Fig.  7  shows  the  changes  in  various  power  generation  efficien¬ 
cies  with  changes  in  mean  temperature  of  the  low  temperature 
SOFC.  Since  the  overpotential  is  lower  in  the  low  temperature 
SOFC  than  in  the  high  temperature  SOFC,  the  efficiency  of  low 
temperature  SOFC  is  higher  than  that  of  high  temperature  SOFC. 
Since  increasing  the  mean  temperature  of  the  low  temperature 
SOFC  reduces  the  electrolyte  resistance  in  both  the  low  and 
high  temperature  SOFCs,  all  generation  efficiencies  increase. 
The  mean  temperature  of  high  the  temperature  SOFC  increases 
as  the  mean  temperature  of  the  low  temperature  SOFC  increases. 
As  a  result,  the  activation  overpotential  of  the  high  temperature 
SOFC  decreases,  with  a  greater  increase  in  generation  efficiency 
in  the  high  temperature  SOFC  than  in  the  low  temperature  SOFC. 
The  Nernst  potential  decreases  with  increase  of  temperature,  and 
the  overpotential  of  the  low  temperature  SOFC  does  not  decrease 
so  much  with  temperature.  Therefore  the  generation  efficiency 
of  the  low  temperature  SOFC  becomes  saturated  with  increase 
of  temperature.  The  allowable  upper-limit  temperature  of  the 
low  temperature  SOFC  may  decide  the  maximum  efficiency  of 
both  the  low  and  high  temperature  SOFCs.  In  the  bottoming 
gas  turbine  cycle,  increase  in  the  mean  temperature  of  the  low 
temperature  SOFC  causes  an  increase  in  the  inlet  temperature 
of  the  low  temperature  SOFC.  This  means  that  amount  of  inlet 
gas  preheat  increases,  and  the  turbine  inlet  temperature  declines 
with  decreasing  turbine  output.  However,  since  the  increase  in 
power  generation  efficiency  of  SOFCs  is  larger  than  the  decrease 
in  power  generation  efficiency  of  GT,  the  combined  efficiency 
increases. 

1.4.2.  Efficiency  changes  with  cell  pressure 

Fig.  8  shows  the  changes  in  power  generation  efficiencies 
with  cell  pressure.  Raising  the  cell  pressure  causes  an  increase  in 


the  Nernst  potential.  When  the  oxygen  partial  pressure  increases 
in  the  high  temperature  SOFC,  the  activation  overpotential  at  air 
electrode  declines  [3,4],  resulting  in  an  increase  in  power  gener¬ 
ation  efficiency.  However,  the  efficiency  improvement  with  cell 
pressure  is  soon  saturated  at  near  1  MPa.  In  the  bottoming  gas 
turbine  cycle,  increasing  the  operating  pressure  leads  to  some 
decrease  in  the  cell  outlet  temperature.  However,  an  increase  in 
compressor  outlet  temperature  causes  an  increase  in  the  turbine 
inlet  temperature  due  to  the  decreased  input  for  air  preheating, 
resulting  in  an  increase  of  gas  turbine  output.  When  the  pressure 
increases  too  much,  however,  the  turbine  net  output  declines  and 
the  combined  efficiency  becomes  saturated,  since  the  compres¬ 
sor  power  increases  with  the  pressure  increase. 

1.4.3.  Efficiency  changes  with  mean  current  density 

Fig.  9  shows  the  changes  in  power  generation  efficien¬ 
cies  with  mean  current  density.  Increasing  the  current  density 
increases  the  SOFC  overpotential  loss,  resulting  in  a  linear 
decrease  of  generation  efficiencies.  However,  since  the  temper¬ 
ature  elevation  with  increasing  current  density  is  large  at  high 
temperature  SOFC,  the  activation  overpotential  and  electrolyte 
resistance  decrease  greatly.  Therefore  the  decreasing  rate  of  the 


T.  Araki  et  al.  /  Journal  of  Power  Sources  158  (2006)  52-59 


57 


Fig.  11.  Change  in  power  generation  efficiency  with  total  air  utilization  rate. 


high  temperature  SOFC  output  is  smaller  than  that  of  the  low 
temperature  SOFC.  In  the  bottoming  gas  turbine  cycle,  since 
SOFC  outlet  temperature  increases  with  increase  of  the  current 
density,  the  turbine  inlet  temperature  increases  together  with 
the  increasing  turbine  output.  However,  since  the  decrease  in 
SOFC  power  generation  efficiency  is  larger  than  the  increase  in 
gas  turbine  efficiency,  the  combined  efficiency  of  the  total  cycle 
declines. 

1.4.4.  Efficiency  changes  with  total  fuel  utilization  rate 

Fig.  10  shows  the  changes  in  power  generation  efficiencies 
with  total  fuel  utilization  rate  (equal  share  in  low  and  high  tem¬ 
perature  SOFCs).  Increases  in  the  fuel  utilization  rate  bring 
decreased  cell  voltage,  but  the  efficiency  improvement  from 
higher  fuel  utilization  rate  is  significant,  resulting  in  increas¬ 
ing  power  generation  efficiencies.  In  the  bottoming  gas  tur¬ 
bine  cycle,  when  the  energy  converted  at  SOFC  increases  with 
increase  in  fuel  utilization  rate,  the  thermal  input  to  gas  turbine 
decreases.  Therefore,  the  turbine  inlet  temperature  drops  with 
decreasing  turbine  output.  However,  the  efficiency  improvement 
by  SOFCs  is  larger,  so  the  combined  efficiency  increases. 

1.4.5.  Efficiency  changes  with  total  air  utilization  rate 

Fig.  1 1  shows  the  changes  in  power  generation  efficiencies 
with  total  air  utilization  rate  (equal  share  in  low  and  high  temper¬ 
ature  SOFCs).  Raising  the  air  utilization  rate  results  in  slightly 
lower  cell  voltage  with  decreasing  power  generation  efficiency 
at  the  low  temperature  SOFC.  However,  when  air  supply  to  the 
high  temperature  SOFC  becomes  smaller,  the  mean  temperature 
increases  with  the  decreasing  electrolyte  resistance  and  acti¬ 
vation  overpotential,  which  lead  to  increasing  cell  voltage  and 
power  generation  efficiency.  In  the  bottoming  gas  turbine  cycle, 
when  the  air  utilization  rate  increases  the  supplied  air  decreases 
together  with  the  reduced  amount  of  preheat.  Therefore,  the  gas 
turbine  inlet  temperature  increases,  and  turbine  output  becomes 
higher.  At  a  total  air  utilization  rate  of  0. 1,  however,  the  air  com¬ 
pression  input  becomes  larger  than  the  turbine  net  output,  and 
then  the  combined  efficiency  becomes  lower  than  the  power  gen¬ 
eration  efficiency  by  low  and  high  temperature  SOFCs.  When 
the  total  air  utilization  rate  is  0.5,  on  the  other  hand,  the  tem¬ 


perature  rise  at  high  temperature  SOFC  is  298  °C  and  the  outlet 
temperature  becomes  as  high  as  1094  °C;  thus,  the  allowable 
temperature  of  high  temperature  SOFC  may  limit  the  power 
generation  efficiency. 

1.4.6.  Efficiency  changes  with  fuel  recirculation  rate 

Fig.  12  shows  the  changes  in  power  generation  efficiencies 
with  fuel  recirculation  rate.  The  variable  range  for  the  fuel  recir¬ 
culation  rate  is  limited  by  the  water  flow  rate  needed  for  reform¬ 
ing  and  constraints  due  to  the  system  configuration.  Increasing 
the  fuel  recirculation  rate  brings  the  decreased  fuel  concentra¬ 
tion,  resulting  in  a  slight  decline  in  power  generation  efficiencies 
of  the  low  and  high  temperature  SOFCs.  In  the  bottoming  gas  tur¬ 
bine  cycle,  when  the  fuel  recirculation  rate  increases,  the  temper¬ 
ature  of  raw  fuel  supplied  to  the  reformer  drops,  and  the  amount 
of  fuel  preheat  decreases,  resulting  in  the  increase  of  turbine 
inlet  temperature  with  slightly  increasing  turbine  output.  How¬ 
ever,  the  combined  efficiency  declines  because  of  the  fairly  large 
drop  in  SOFC  power  generation  efficiency.  Since  the  lower  limit 
of  the  steam/carbon  ratio  without  any  carbon  deposition  depends 
on  the  performance  of  reformer,  further  investigations  are  nec¬ 
essary  to  match  the  recirculation  rate  to  reformer  performance. 
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Fig.  12.  Change  in  power  generation  efficiency  with  fuel  recirculation  rate. 
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1.4.7.  Efficiency  changes  with  air  recirculation  rate 

Fig.  13  shows  the  changes  in  power  generation  efficiencies 
with  air  recirculation  rate.  With  increases  in  the  air  recircula¬ 
tion  rate  the  temperature  distribution  in  the  low  temperature 
SOFC,  which  has  a  fixed  mean  cell  temperature,  becomes  uni¬ 
form  and  the  efficiency  of  low  temperature  SOFC  increases 
slightly.  However,  the  mean  cell  temperature  of  high  temper¬ 
ature  SOFC  decreases  and  the  overpotential  becomes  greater, 
resulting  in  lower  power  generation  efficiency.  In  the  bottoming 
gas  turbine  cycle,  increasing  the  air  recirculation  rate  causes  the 
SOFC  outlet  temperature  to  decline,  as  a  result  of  which  both 
the  turbine  inlet  temperature  and  output  power  decrease. 

1.4.8.  Efficiency  changes  with  allocation  of  utilization  rate 

In  the  above  analyses,  we  divided  the  utilization  rate  half 
and  half  between  the  low  and  high  temperature  SOFCs.  Here 
the  allocation  of  both  fuel  and  air  utilization  rates  for  the  low 
and  high  temperature  SOFCs  is  changed,  as  shown  in  Table  5, 
to  calculate  efficiency  changes.  The  total  fuel  utilization  rate  is 
fixed  at  85%,  and  the  total  air  utilization  rate  is  fixed  at  30%. 

Fig.  14  shows  the  changes  in  power  generation  efficiencies 
with  allocation  of  the  utilization  rate.  As  the  allocation  of  utiliza¬ 
tion  rate  becomes  large  at  low  temperature  SOFC,  the  generation 
efficiencies  of  both  low  and  high  temperature  SOFCs  decrease. 
When  the  allocation  of  utilization  rate  becomes  larger  at  the  low 
temperature  SOFC,  the  low  temperature  cell  lengthens  under  the 
calculation  condition  of  assumed  mean  current  density,  and  the 
cell  voltage  of  the  low  temperature  SOFC  decreases.  Since  the 
activation  overpotential  of  low  temperature  SOFC  was  assumed 
to  be  independent  of  temperature,  the  cell  voltage  distribution 
decreases  along  the  gas  flow  as  shown  in  Fig.  2,  together  with 
the  Nernst  potential.  Therefore  the  cell  voltage  drops  as  the  cell 


Table  5 

Allocation  of  utilization  rate 


SOFC  type 

Allocation  of  utilization  ratio  (96) 

Low  temperature  SOFC 

30 

40 

50 

60 

70 

High  temperature  SOFC 

70 

60 

50 

40 

30 

Allocation  of  low-temperature  SOFC  utilization  rate  [9c] 

Fig.  14.  Change  in  power  generation  efficiency  by  allocation  of  low-temperature 
SOFC  utilization  rate. 

becomes  longer.  In  addition,  as  the  allocation  of  utilization  rate 
at  the  low  temperature  SOFC  becomes  larger,  the  amount  of 
heat  release  at  the  low  temperature  SOFC  is  smaller  than  that 
at  the  high  temperature  SOFC,  since  the  low  temperature  SOFC 
has  a  higher  efficiency.  Therefore  the  mean  temperature  of  the 
high  temperature  SOFC  decreases  with  increasing  allocation  at 
the  low  temperature  SOFC,  resulting  in  the  larger  activation  and 
resistance  overpotentials  and  lower  cell  voltage  of  high  temper¬ 
ature  SOFC. 

When  the  mean  temperature  of  the  low  temperature  SOFC 
becomes  a  little  over  750  °C,  there  is  a  temperature  range  where 
the  high  temperature  SOFC  can  work  with  a  little  higher  effi¬ 
ciency,  as  expected  from  Fig.  7.  In  the  future,  therefore,  after 
clarifying  the  upper  temperature  limits  of  low  and  high  temper¬ 
ature  SOFCs,  there  is  a  need  to  determine  the  optimum  operating 
conditions  for  two-staged  serial  SOFCs. 

1.4.9.  Comparison  with  high  temperature  SOFC  single 
cycle 

Finally,  the  two-staged  SOFC  cycle  in  the  present  study  is 
compared  with  our  single  cycle  with  high  temperature  SOFC 
only  [3].  The  operating  conditions  for  the  high  temperature, 
single-staged  SOFC  cycle  used  in  this  comparison  are  mean 
cell  temperature  of  900  °C,  fuel  utilization  rate  of  85%,  air  uti¬ 
lization  rate  of  30%,  current  density  of  0.3  A  cm-2,  cell  pressure 
of  1.0  MPa,  fuel  and  air  recirculation  rates  of  50%,  and  external 
reforming  rate  of  50%  [3].  This  single  cycle  of  high  temper¬ 
ature  SOFC  shows  an  SOFC  power  generation  efficiency  of 
45.1%,  and  a  combined  cycle  efficiency  of  54.7%.  In  contrast, 
the  two-staged  SOFC  cycle  in  the  present  study  (mean  tempera¬ 
ture  of  low  temperature  SOFC  750  °C,  mean  temperature  of  high 
temperature  SOFC  884  °C)  shows  an  SOFC  power  generation 
efficiency  of  50.3%  and  a  combined  cycle  efficiency  of  56.1% 
at  standard  operating  conditions.  The  two-staged  SOFC  cycle  in 
this  study  has  both  higher  SOFC  power  generation  efficiency  and 
combined  cycle  efficiency.  This  is  because  the  power  generation 
efficiency  of  low  temperature  SOFC  is  about  5%  higher  than  that 
of  high  temperature  SOFC.  Also,  the  thermal  input  to  gas  tur¬ 
bine  in  the  two-staged  SOFC  cycle  is  higher  due  to  the  decreased 
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amount  of  fuel  and  air  preheat.  The  reason  the  combined  cycle 
efficiency  of  the  two-staged  SOFC  increases  to  only  5%  higher 
than  the  single  SOFC  cycle  is  that  much  heat  is  required  for 
100%  external  reforming  in  the  two-staged  SOFC  cycle. 

2.  Conclusion 

Based  on  currently  available  data,  a  program  to  analyze  the 
power  generation  performance  of  low  temperature  planar  SOFC 
was  created.  A  combined  power  generation  cycle  having  low 
and  high  temperature  SOFCs  arranged  in  series  and  a  gas  tur¬ 
bine  was  analyzed.  The  SOFC  power  generation  efficiency  was 
found  to  be  50.3%  and  the  combined  cycle  power  generation 
efficiency  to  be  56.1%  under  standard  operation  conditions  of 
mean  cell  temperature  for  low  temperature  SOFC  of  750  °C, 
mean  current  density  of  0.3  A  cm-2,  cell  pressure  of  1.0  MPa, 
total  fuel  utilization  rate  of  85%,  total  air  utilization  rate  of  30%, 
fuel  recirculation  rate  of  30%,  air  recirculation  rate  of  10%,  and 
external  reforming  rate  of  100%.  Further,  by  changing  the  oper¬ 
ating  parameters,  mean  temperature  of  low  temperature  SOFC, 
cell  pressure,  mean  current  density,  total  fuel  utilization  rate, 
total  air  utilization  rate,  fuel  recirculation  rate,  air  recirculation 
rate,  and  allocation  of  both  fuel  and  air  utilization  rates  for  low 
and  high  temperature  SOFCs,  we  studied  their  effects  on  power 
generation  efficiencies  of  low  and  high  temperature  SOFCs,  and 
combined  cycle.  We  compared  the  two-staged  SOFC  cycle  with 
a  single  cycle  of  high  temperature  SOFC  only,  which  had  an 
SOFC  power  generation  efficiency  of  45.1%  and  a  combined 


power  generation  efficiency  of  54.7%.  This  was  done  under  oper¬ 
ation  conditions  of  mean  cell  temperature  of  900  °C,  fuel  and 
air  recirculation  rates  of  50%,  external  reforming  rate  of  50%, 
and  other  operation  conditions  the  same  as  with  the  two-staged 
SOFC  cycle.  The  results  revealed  that  the  two-staged  SOFC 
cycle  has  both  higher  SOFC  power  generation  efficiency  and 
combined  cycle  efficiency. 
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